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Abstract 



Human L-glutamine: D-fructose-6-phosphate amidotransferase (Gfatl), a recognized target in type 2 diabetes complications, was 
expressed in Sf9 insect cells with an internal His6-tag and purified to homogenity. Two different microplate assays that quantify, respec- 
tively D-glucosamine-6-phosphate and L-glutamate were used to analyzeithe enzyme kinetic properties. The recombinant human L-glu- 
tamine: D-fructose-6-phosphate amidotransferase isoform 1 exhibits Mic-haelis parameters A^ m ~ 6P = 0.98 mM and K^ ln = 0.84 mM 
which are similar to the values reported for the same enzyme from |iiS#e^fitt sources. The stimulation of hydrolysis of the alternate sub- 
strate L-glutamine para-nitroanilide by D-fructose-6P (Fru-6P) afforded a A' d of 5 uM for Fru-6P. 
© 2007 Elsevier Inc. All rights reserved. 
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The enzyme L-glutamine: D-fructose-6P amidotransfer- 
ase, EC 2.6.1.16, (GlmS, Gfa or Gfat fording to the 
enzyme source) catalyzes the first and rate limiting step 
[1] of the de novo biosynthesis of hexosamines {Scheme 
1), leading to the formation of uridine S'-diphospho-Af- 
acetylglucosamme (UDP-GlcNAc). c 



Corresponding author. Fav ■ \ 69077247. 

E-mail address: badetma ^ K'sn Lius-gif.fr (M.-A. Badet-Denisot). 
1 Abbreviations used: APAD. 3-Acetylpyridine adenine dinucleotide; 
DTT, Ditfnothreitol EDT^w. etnpenediammetetra acetic acid., Fru-6P, 
D-fructose-6P; GlcN^>P ? ^ D-gtueMamme-6P GDH, L-glutamate dehydro- 
genase; Gin, L-glutamine; GShL glutathion; GST. glutathione S-transfer- 
asc; Gin, i -glutamale; His f ;-225-GlmS, GlmS with six His in position 225; 
His 6 -240-GlmS, GlmS w:||h six His in position 240; HSP, Hexosamine 
synthetic pathway; moi, multiplicity of infection; NAD, Nicotinamide 
Adenine Dinucleotide; pfu, plaque-forming units; rhGfatl, recombinant 
human L-glutamine: D-fructose-6-phosphate amidotransferase isoform 1 
containing six His in position 298; TCEP, Tris(2-carboxyethyl)phosphine 
hydrochloride; UDP-GlcNAc, uridine S'-diphospho-N-acetylglucosamine; 
WT, wild- type. 



UDP-GlcNAc is an activated precursor of numerous 
aminosugar containing macromolecules, including chitin 
and mannoproteins in fungi, peptidoglycans and lipopoly- 
saccharides in bacteria and glycoproteins in mammals. 
Human Gfatl has been convincingly shown to participate 
in the vascular complications of type II diabetes [2] and 
as such is an interesting target in medicinal chemistry. 

The recombinant bacterial form, GlmS, has been exten- 
sively studied [3] together with other members of the N-ter- 
minal nucleophile (NtN) hydrolase class [4-7]. Each 
enzyme subunit is organized into two domains, the gluta- 
minase domain responsible for hydrolysis of L-glutamine 
(Gin) into L-glutamate (Glu) and the isomerase domain 
responsible for ketose/aldose isomerization of the 
RR'C=NH aminosugar phosphate adduct. These two 
domains are connected by an intramolecular channel [8] 
responsible for the transfer of ammonia. 

Forty years separated the first partial purification of 
Gfat from rat liver [9] from the first eukaryotic protein 
characterization from either Candida albicans or rat liver 
[10-12]. Human Gfatl was first expressed as a fusion 
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L«Glutamine + D-Fmctose-6P > L-Gluiamate +• D-Ghieosamkie-6F 

Scheme 1. 



protein with glutathione S-transferase (GST) in BSC40 
cells using a viral expression system. This construction 
afforded a protein of low specific activity [13]. Using an 
enzyme overexpressed in low yield in insect cells, Broschat 
et al. reported detailed investigation of its catalytic proper- 
ties and inhibition by D-glucosamine-6P (GlcN-6P) and 
UDP-GlcNAc using a very sensitive radiometric assay 
[14,15]. Our initial difficulties associated with human Gfatl 
expression and manipulation prompted us to introduce a 
tag in the protein sequence. 

Sequence alignments indicate that the human enzyme 
(hGfat) differs from its bacterial counterpart (GlmS) at 
the level of the C-terminus of the Gin binding site (i.e. 
Glyl85), whereas the composition of the active site region 
is essentially the same. From the 3D structure of GlmS, 
four reasonable positions favorable to a His 6 -tag insertion 
were selected. 

The corresponding mutants were expressed and charac- 
terized allowing identification of a single position 225 
which tolerated a His 6 -tag insertion. The optimized con- 
struction was then extrapolated to human Gfatl and the 
corresponding protein was expressed in insect cells. The 
His6-298 recombinant human enzyme (rhGfatl) purified 
in two steps possesses a specific activity almost 10-fold 
higher than that previously reported by Broshat [15]. From::: 
gel filtration and sedimentation equilibrium analysis t%# 
enzyme appears as a homotetramer. 

For clarity, GlmS refers to bacterial D-glucosamine-6P 
synthase and rhGfatl refers to recombinant human D-giu- 
cosamine-6P synthase isoform 1 throughout the text. 

Materials and methods 

Materials 

The pFastBacl donnor vector, competent DHlOBac 
Escherichia coli cells were purchased from invitrogen; com- 
petent HB101 E. coli cells and competent DH5a E. coli 
were from Promega. 

Antibiotics, Bluo-gal, IPTG. i>fructose-6P (Fru-6P) and 
other reagents were from Sigma; EDTA-free cocktail 
inhibitor and Pefabloc were from Roche Applied Science; 
TCEP was from Fluka. 

The pMAl plasmid which harbors the glmS gene encod- 
ing E. coli GlcN-6P svnthase was previously described [16]. 

Restriction and modification enzymes were purchased 
from New England Biolabs. Platinum pfx polymerase 
was from Roche Applied Science. Purification of His 6 - 
tagged proteins was performed on a 5 mL Histrap FF 
crude column using an AKTA EXPLORER 10S system 
(GE Healthcare). DNA molecular weight markers were 
from Bio-Rad and protein molecular weight markers were 
from Qiagen and GE Healthcare. 



Buffer A: 50 mM KC1, 50 mM KP0 4 , ImM DTT, 

2 mM Fru-6P and Roche EDTA-free cocktail 

inhibitor, pH 7.5. 
Buffer B: 300 mM NaCl, 50 mM KP0 4 , 5% glycerol, 

30 mM imidazole, 1 mM TCEP, 1 mM Fru- 

6P,1 mM PMSF, (fcoche EDTA-free cocktail 

inhibitor, pH 7.5. 
Buffer C: 300 mM NaCl, 50 mM KP0 4 , 10% glycerol, 

1 mM TCEP, 1 ml Fru-6P, 1 mM PMSF, 

pH 7.5. 

Buffer D: 50 mM NaCl, 150mM KP0 4 , 10% glycerol, 
1 mM TCEP, 1 mM Fru-6P, 1 mM EDTA, 
pH 7.5. 

Buffer A 1 \ M) mM NaCl, 50 mM KP0 4 , 5% glycerol, 
30 mM imidazole, 5 mM TCEP, 5 mM Fru- 
6P, 0.4 mM Roche Pefabloc SC, 2 uM phos- 
phoramidon, Roche EDTA-free cocktail 
inhibitor, pH 7.7. 

Buffer Bh 300 mM NaCl, 50 mM KP0 4 , 10% glycerol, 
5 mM TCEP, 5 mM Fru-6P, 0.4 mM Roche 
Pefabloc SC, 2 uM phosphoramidon, pH 7.7. 

Buffer C: 50 mM NaCl, 150mM KP0 4 , 10% glycerol, 
5 mM TCEP, 5 mM Fru-6P, 2 mM EDTA, 
pH 7.7. 



DNA manipulations 

Isolation of plasmid DNA was carried out according to 
the Qiagen plasmid kit protocol. DNA fragments were iso- 
lated from agarose gels following the Geneclean II DNA 
extraction kit protocol (Bio 101, Inc., Vista, CA, USA). 
DNA digestions were carried out according to enzyme 
manufacturer's instructions. DNA fragments were ligated 
and E. coli cells were transformed according to standard 
methods [17]. 

Construction of bacterial expression plasmids 

pGEX-GST-N- terminal GlmS: this recombinant plas- 
mid containing a N-terminal GST fusion of E. coli 
d-G1cN-6P synthase gene was kindly provided by Dr. J.E. 
Kudlow. 

pMAl-Go was obtained as previously described [18]. 
pMAl-225-His 6 , pMAl-240-His 6 and pMAl-C-terminal- 
His6 were obtained following a similar protocol. Cloning 
of the His6-tagged enzyme was performed by PCR from 
the pUC 118 vector containing the E. coli glms gene 
(pMAi) as a template. The primers used for the pMAl- 
225His6 containing the His6-tag after threonine residue 
225 were (His6-tag sequence underlined): Start-ifciWI 
5'-GCG TAC GGT ACA GTG ATC ATG GAC TCC 
CGT C-3' and End-RV 5'-CGA TAT CCT GAC GTT 
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TTA CTT CCG CGC C GT GAT GGT GAT GGT GAT 
GAG TTT TAT CGA AG-3'. The primers used for 
pMAl-240-His 6 containing the His 6 -tag after threonine 
residue 240 were: Start-RV 5 'CAG GAT ATC GAA 
TCC AAT CTG CAA TAT CAT CAC CAT CAC CAT 
CAC GAC GCG GGC G-3' and End-Nhe 5' ACC TGC 
TAG CGA TTC AAA CCA GTA GCG GG-3'. The prim- 
ers used for pMAl-CtHis 6 containing the His 6 -tag in the 
C-terminal position were: Start-^HII 5'-GTT CGC 
GCG CGT GGC CGT GGC GGT CAG TTG TAT 
GTC-3' and End-BamHI 5'-GCC CCG CTG GAT CCG 
GGC ATC CAT TTA TTA GTG ATG GTG ATG 
GTG ATG CTC AAC CGT AAC CG-3'. The purified 
PCR products were digested and inserted between BsiWl 
and EcoRY sites or EcoKY and Nhel sites or BssYIII and 
BamHI sites, replacing its homolog in pMAl, giving, 
respectively, the three recombinant constructs mentioned 
above. The identity of the recombinant plasmids was con- 
firmed by restriction analysis and DNA sequencing. 

Expression and purification of different tagged-GlmS 

E. coli BL21 culture (250 mL) harboring pGEX-GST- 
Ntglms expression plasmid in LB medium supplemented 
with ampicillin (100 ug/mL) was grown for 4 h at 30 °C fol- 
lowed by 1 mM IPTG induction for 3.5 h at 30 °C. After 
centrifugation, the pellet was resuspended in the starting::; 
buffer A and disrupted by sonication yielding 2.5 mL di§ 
crude extract (12 mg/mL) which was purified on a glutathi- 
on-Sepharose column (2 mL). The fusion protein was 
detected by GST activity before cleavage with th^n^ph :: 
as described by Habig et al. [191 to afford E. coli GlmS 
(67 kDa) and GST (26 kDa) as visualized from 
PAGE analysis. 

E. coli HB101 cells were transformed with pMAl-Ct 
His 6 , pMA 1-240 His 6 or pMA 1-225 His ( , expression plas- 
mid, respectively. One liter of LB medium supplemented 
with ampicillin (100 ug/mL) was grown " overnight at 
37 °C, without induction by IPTG. The purifications of 
these three recombinant proteins weie conducted similarly. 
The pellet (7.1 g) resuspended in buffer B (50 mL) was son- 
icated. The lysate was submitted to ultracentrif Ligation 
(110,000g, 35 min, 4 °C) before loading at 1 mL/min on a 
5 mL HisTrap FF crude column (GE Healthcare) equili- 
brated in buffer C. After washing with buffer C containing 
50 mM imidazole ( 10 : ^plun|n volumes), elution was carried 
out at 1.5 mL/min stepwise with imidazole concentrations 
0.1, 0.3, 0.5 and 1 VI in buffer C (8 10 column volumes). 

The concentrated active fractions were then loaded on 
Superose 12 10/30 (©E Healthcare) equilibrated in buffer 
D (0.4 mL/min). 

Production of recombinant baculovirus 

The EcoRI fragment of cDNA corresponding to gfat 
gene cloned at the EcoRI restriction site of pCRII vector 
was a gift from Dr. D.A. McClain. An internal His 6 -tag 



residue was introduced in position 894 [20] by polymerase 
chain reaction with Platinum pfx polymerase and appropri- 
ate primer pairs: Start-^II-His 6 5'-TGG ACG TCT 
TTC TAT CCA TCG AAT TAA ACG AAC TGC 
AGG ACA TCA CCA TCA CCA TCA CGA TCA 
CCC CGG ACG-3' and End-Hindi 5'-CAA AGT TGA 
CTC TTC CTC TCA TTG TGT TCA CGA CAG ACT 
CTG GC-3'. After digestion by AatU and Hindi and puri- 
fication, the amplicon (170 bp) was inserted at the corre- 
sponding restriction sites in the pCR U-gfat construction 
by an overnight ligation reaction Ji 16 °C. The Xbal-Hin- 
dlll fragment of the recombinant pCRII-gfat-His6 was 
cloned into the baculovirus donor plasmid pFastBacl at 
the corresponding sites and \erified by multiple restriction 
enzyme digestions (Stna\, Acd/Dral, PstEI/ Xbal) and by 
sequencing. In order to remove two ORFs, the sequence 
before the ATG was mutated by PCR with the primer pair: 
Start- Xbal M-AAT CTA GAT TCA TGC TCG AGC 

GGC CGC CAG TGT GAT TGA TAT C-3' End- Af el 
5 /_ ATT TTT ATC AGA GCG CTG GGG GTG GCT 

ATT GAC AGG -3'. The purified PCR fragment was 
digested bv Xbal and Afd. The new fragment replaced 
its homolog in pFastBac-gfat-His 6 and the new recombi- 
nant donor plasmid named pMADl was used for the trans- 
position step in DHlOBac E. coli. Recombinant bacmid 
DNA was isolated from DHlOBac cells, verified by PCR 
and used to transfect Sf9 cells as according to manufac- 
turer's instructions. The resultant baculovirus was verified 
' :; s?by PCR and a viral stock of 50 mL was titrated by plaque 
assay (9.10 7 plaque-forming units (pfu)/mL). 



Optimization of expression of recombinant human protein 

Sf9 insect cells were grown at 28 °C in SF900II medium 
(50 mL, Life Technologies Ltd.) in shaker flasks at 
100 rpm. Cells (2 x 10 6 cells/L) were infected with recombi- 
nant baculovirus at different multiplicities of infection 
(moi) of 0.1, 0.5 and 2 pfu/cell. Cells were harvested 24, 
48, 72 and 96 h post-infection. Two milliliter aliquots of 
each of the latter were centrifuged (2500g, 3 min at 4 °C) 
and each cell pellet were washed in 20 mM Tris-HCl, pH 
7, centrifuged (4000g-, 15 min at 4 °C) and assayed for mini 
purification in batches using a chelating- Sepharose FF 
charged in Ni 2+ . The kinetics of production were analyzed 
by 10% SDS-PAGE gel stained with Coomassie blue and 
the western blot was revealed by anti-penta-His antibodies 
(Qiagen). 

Expression and purification of recombinant Gfatl protein 

Sf9 insect cells were grown at 28 °C in SF900II medium 
(Life Technologies Ltd) in shaker flasks (10 x 1 L) at 
100 rpm. When the density reached 2 x 10 6 cells/L, cells 
were infected with recombinant baculovirus at moi of 
0.1 pfu/cell. Cells were harvested 72 h after infection, cen- 
trifuged (500g, 10 min at 4 °C) and washed in SF900II 
before storage at —80 °C. 
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The cell pellet (18.6 g) was suspended in 35 mL buffer A' 
and disrupted at 4 °C using DynoMill (4500 rpm, 4 cycles 
30 s, 40 g beads of 0.2 mm diameter). The crude extract 
was centrifuged (10,000g for 20 min at 4 °C) and the super- 
natant was cleared by ultra-centrifugation at l,10,000g for 
35 min at 4 °C. Purification was carried out by affinity 
chromatography over a 5 mL Histrap FF crude column 
on an AKTA EXPLORER 10S system (GE Healthcare). 
The lysate was loaded at 1 mL/min onto the column equil- 
ibrated in buffer B' and unbound material was removed by 
washing at 3 mL/min with 10 column volumes of buffer 
B Containing 50 mM imidazole. The elution of the protein 
was carried out at 1.5 mL/min stepwise in buffer B' with 
imidazole concentrations of0.1,0.3,0.5 and 1 M (8-10 col- 
umn volumes). Fractions containing rhGfatl were pooled, 
concentrated by ultrafiltration (using Millipore concentra- 
tors, 50 kDa cut-off limit, 4 °C, 4000 g, 20 min) and ali- 
quoted for storage at —80 °C for several months. 

The protein concentration was estimated by the method 
of Bradford using bovine serum albumin (BSA) as the stan- 
dard (0-12 ug) [21]. 

Protein samples were analyzed by SDS-PAGE using 
7.5% minigels (Mini-Protean III, Bio-Rad) [22]. Gels were 
stained with Coomassie R-250 blue stain and protein purity 
was determined by densitometry gel analysis. 

Oligomerization degree determination 

The degree of oligomerization of the rhGfatl wa# 
determined by gel filtration and by analytical 
ultracentrifugation. 

Gel filtration was performed on Superose 6 10/30 (GE 
Healthcare) equilibrated in buffer C at 0.35 mL/min. The 
column was calibrated by different markers (dextran blue 
M r 2,000,000, p-amylase M r 200,000, alcohol dehydroge- 
nase M r 150,000, BSA M r 66,000. carbonic anhvdrase M L 
29,000, acetone). The molecular weight of the native 
enzyme was obtained by interpolation^ of a plot of log 
molecular mass versus A nv . 

Analytical ultracentrifugation w^ ^rformcd at the Pas- 
teur Institute (PFBM1 department) with a sample of rhG- 
fatl (3mg/mL) in 50 mM KPG 4 , 150 mM NaCl, 1 mM 
TCEP, ImM Fru-6P, 1 mM EDTA pH 7.5 at 4 °C 
(8,000 rpm, 48 h, Beckman XL- A). The experiment was 
followed by UV detection %| 28i ; hm. 

L-glutamate determination i glutaminase activity ) 

The L-glutamate dehydrogenase (GDH) coupled spec- 
trophotometry assay was described in 1987 by Badet 
et al. [23]. The formation of Glu was also quantified by 
GDH coupled fluorometric assay using a Perkin Elmer 
Wallac Victor instrument. An excitation filter of 
370 ± 14 nm and an emission filter of 460 ± 25 nm were 
used to follow the formation of APADH. The enzymatic 
mixture consisted of 100 mM KP0 4 , 50 mM KC1, 1 mM 
EDTA, 1 mM APAD pH 7.5, with various concentrations 



of Fru-6P and Gin, and 2.7 U of GDH. The mixture was 
incubated at 37 °C in 96- well fluorescence plates with fluo- 
rescent readings every 0.7 s. 

D-GlcN-6P quantification (synthase activity) 

A modified Morgan-Els on procedure was used during 
purification of the enzyme [24]. One ul| : t of specific activity 
was defined as the amount of thcen/yme that catalyzed 
formation of 1 umol GlcN-6P mm -1 mg protein -1 . Kinetic 
parameters were determined from the production of GlcN- 
6P using the microplate Morgan Elson assay [25]. 

Activation of glutaminase activity by Fru-6P 



The activation of glutaminase activity by Fru-6P was 
determined by L-glutamic acid />-nitroanilide (GLUPA) 
hydrolysis [26|in 200 uL mixture (100 mM KP0 4 , 50 mM 
KC1, 1 mM EDTA pH 7.5) and using 3 ug rhGfatl. The 
assay was initiated by the addition of GLUPA at a final 
concentration of 3 mM in rhGfatl assay in presence of var- 
ious concentrations of Fru-6P between 0.01 and 0.8 mM. 
Rate measurements were calculated from the slope of 
absorbance versus time using the kinetic reading mode of 
Molecular Devices SpectraMaxPlus plate reader at 
405 nm. Typical assay duration was 15 min at 37 °C with 
absorbance readings every 10 s. 

determination of isoelectric point 

The protein standards from Invitrogen (50 ug) and sam- 
ple (9 ug in 20 mM lysine, 20 mM arginine, 15% glycerol) 
were loaded on Invitrogen gel pH 3-10 and run according 
to the manufacturer's instructions. After migration the gel 
was fixed by 30 min immersion in 12% TCA and 3.5% sul- 
fo salicylic acid and revealed with Coomassie blue. 

pH activity profile 

0.8 ug of rhGfatl was assayed for activity using the 
microplate Morgan-Elson test (see above) with appropri- 
ate concentrations of NaCl and 100 mM piperazine pH 
5-5.5; MES pH 6-6.5; Na 2 HP0 4 pH 7-7.5; Hepes pH 8- 
8.5; Tris pH 9; CAPS pH 9.5-10. The standards (0-40 nmol 
GlcN-6P) were used for each assay. 

Circular dichroism 

Circular dichroism (CD) spectra of the three enzymes 
(WTGlms, His6-225-Glms and rhGfatl) were recorded at 
physiological temperature on a Jasco-J810 spectropolari- 
meter. A cell with 1 mm optical path length was used. Five 
scans were performed for noise reduction in the range 195- 
250 nm taking points every 1 nm, with a 50 nm min -1 scan 
rate, an integration time of 2 s and a 1 nm bandwidth. The 
protein concentrations were 0.15mg/mL in a buffer of 
20 mM KP0 4 buffer, 20 mM NaCl, 2 mM Fru-6P, 2 mM 
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TCEP, 2 mM EDTA and 1% glycerol, pH 7.5. The data are 
expressed as the per residue molar absorption in 
mdeg M _1 cm -1 . The deconvolutions of the CD spectra 
were performed with the CDPRO suite of programs [27] 
available at http://lamar.colostate.edu/~sreeram/ CD Pro. 
The results obtained were compared using three different 
methods: CONTINLL, SELCON3 and CDSSTR [28]. 



Results 

Cloning, expression and purification of the variants of the 
bacterial enzyme 

The expression plasmid pGEX-GST-Nt GlmS contains 
glmS gene fused with GST tag at the N-terminus. The 
resulting recombinant protein has a residual 0.1% synthase 
activity whereas the protein after cleavage with thrombin 
exhibited a specific activity of 0.7% of that of the wild type 
enzyme (Table 1). 

Three overexpression plasmids containing DNA 
sequences encoding His 6 -tagged GlmS were constructed. 
One of them encoding fusion of GlmS with C-terminus 
bound His6-tag (His6-Ct-GlmS) was obtained by exchange 
of the BamHI/BssHII fragment containing the His6-tag 
into the BamHL/ BssHU site of the pMAl. The two others 
coded for GlmS with internal His6-tag at position 240 or : :: : 
225 (GlmS amino acid numbering). Position 240 which! 
belongs to the hinge region of the protein corresponds;;^: 
the exposed site during controlled proteolysis by ch) mo- 
try psin [29]. The exposure of position 225 to the solvent 
was deduced from the observation of the 3D structure of 
the native protein [8], These two expression plasmids %cre 
obtained by exchange of the His 6 -tag containing fragment 
EcoRY-Nhel and BsiWl-EcoRY of pMAl, respectively. 
The absence of mutation within the gene was verified by 
sequencing. ,:|;§ : , "V^IM 

Recombinant proteins were expressed in fiBlOl E. coli 
cells at about 25-35 mg/L of the culture. The activity of 
the affinity purified enzymes, summarized in Table 1, shows 
that both His 6 -Ct GlmS and His^40sGlmS were strongly 
affected in their catalytic efficiency which was, respectively, 
2.6% and 1% of that of the wild type whereas His 6 -225- 
GlmS remained essentially as active as the WT. 

The purification of His 6 -225-GlmS from 1 L of culture 
(7.1 g pellet) afforded 36 mg of 99% pure enzyme (accord- 
ing to gel densitometry analysis) (Fig. 1). Despite an iso- 
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Fig. 1. SDS-PAGE Electrophoresis of His 6 -225-GlmS purified from 
E. coli HB101. Proteins from each purification step were separated on 
7.5% SDS-PAGE gel and stained with Coomassie blue. Lanes 1, the 
following molecular weight markers were used: phosphorylase b (97 kDa), 
BSA (66 kDa), ovalbumine (45 kDa); 2, 5 ug bacterial enzyme control; 3, 
10 ug lysate extract; 4, 3 ug protein from affinity step. 



Table 1 

Synthase Activity of wild type GlmS and of its affinity purified fusion 
mutants 



Enzyme 


Synthase activity (U/mg) 


WTGlmS 


8 ±0.3 


GST-Nt-GlmS 


0.007 ± 0.001 


His6-Ct-GlmS 


0.21 ±0.1 


His6-240-GlmS 


0.08 ± 0.02 


His6-225-GlmS 


8 ±0.4 



electric point slightly higher than the wild type (6 vs 5.4) 
resulting from the addition of the basic residues from 
Hi| 6 -tag and a higher sensitivity to freeze-thaw cycles, 
His 6 -225-GlmS remained stable at 4 °C for more than a 
week. With kinetic parameters very similar to WTGlmS 
(T^ble 3), it can be concluded that introduction of His 6 - 
tag at position 225 of GlmS did not affect enzyme activity. 
CD analysis (see below) confirms the similar conformations 
of WT and His 6 -225-GlmS (Fig. 2). 

Circular dichroism 

The CD spectra at 37 °C of the three native enzymes 
WTGlmS, His 6 -225-GlmS, rhGfatl are shown in Fig. 2. 
The three curves presented a broad minimum around 210 
and 220 nm characteristic of the presence of ot-helical seg- 
ments. Analysis of the spectra performed with CDPRO 
led to very similar results for the three proteins (24 ±1% 
a-helix; 25 ± 1% P-sheet and 50 ± 0% coil) arguing for sim- 
ilar folding. These values were in good agreement with 
those extracted from the most recent X-ray structure of 
the bacterial enzyme [30] using the DSSP algorithm [31]: 
(27% a-helix; 20.5% p-sheet and 52.5% coil). 

Cloning, expression and purification of human His 6 -tagged 
Gfatl from insect cells ( rhGfatl ) 

An internal His6-tag residue was introduced by PCR at 
position 894 in the nucleotide sequence of Gfatl and the 
Xbal-Hindlll fragment was cloned into the baculovirus 
donor plasmid pFastBacl at the corresponding sites. The 
recombinant plasmid pMADl was used in the transposi- 
tion step in DHlOBac E. coli to generate recombinant bac- 
mid. After culture of Sf9 cells under optimized conditions 
(moi 0.1, 72 h post infection), the cells from 1 L of culture 
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Fig. 2. Circular dichroism spectra at 37 °C of the three GlcN-6P synthases (0.15 mg/mL: rhGfatl (blue rhomb), WTGlmS (orange triangle), GlmS-225 
His 6 (pink square). 

were harvested to afford 18.6 g of cell pellet. Among the 
different cell disruption techniques tested (French Press, 
sonication and Dyno-Mill), Dyno-Mill gave the best recov- 
ery of enzyme activity likely resulting from a better control 
of temperature at 4 °C. The addition of 5 mM TCEP and 
5 mM Fru-6 P in the lysate buffer prevented the loss of 
enzyme activity, classically occurring upon cell breakage 
(Table 2). Stepwise elution with 0.1 M imidazole allowed, 
removal of most of the contaminating histidine-rich insert 
proteins before elution with 0.3 M imidazole affording in 
one step a 85% pure protein as deduced from densitometry 
gel analysis (Fig. 3). The fractions containing the protein 
were desalted to avoid interference of imidazole with the- 
enzymatic test, leading to a specific activity of 2.3 U/mg. 
After gel filtration on Superdex 200 10/3Q0j the specific 
activity of the 95% pure protein reached 3.7 U/mg 
{Fig. 3). The purification of rhGfatl from 1 L of insect cell 
culture (18.6 g frozen pellet) gave close to 5 mg of enzyme. 
The protein was stable at 4 °C in this buffer during several 
days. II || 



Characterization of rhGfatl 



The equilibrium u 1 1 r ace,n t r i f uga t i o n analysis data were 
submitted to curve fitting adjustment using ideal I program 
which showed that the enzvme exists only under one oligo- 



Table 2 



Purification of rhGfatl over&xpressed in insect cells 



Purification step 


Volume (mL) 


Total protein a (mg) 


Total activity 13 (U) 


Specific actvity c (U/mg) 


Yield (%) 


Purification factor 


Crude extract 


41 


660 


39.6 


0.06 


100 


1 


Nickel column 


30 


10 


23.0 


2.3 


58 


38.3 


Superdex 200 


53 


4.7 


17.4 


3.7 


44 


61.6 



a Protein concentrations were determined by the method of Bradford using bovine serum albumin as standards. 
b Enzyme units activity are defined as the amount (umol) of GlcN-6P synthesized per min at 37 °C. 
c Specific activity was expressed as units per mg of protein. 



kDa 1 2 3 4 5 




< rhGfatl 



Fig. 3. SDS-polyacrylamide gel electrophoresis of rhGfatl purified from 
insect cells. Proteins from each purification step were separated on 7.5% 
SDS-PAGE gel and stained with Coomassie blue. Lanes 1, molecular 
weight markers; 2, 2 ug rhGfat control; 3, 14 ug lysate extract; 4, 2 jag 
rhGfatl from affinity step; 5, 2 ug rhGfatl from gel filtration. 



merization state, a homotetramer of 306 ± 4 kDa, corre- 
sponding to 77 kDa per monomer. The molecular mass 
of rhGfatl determined by size-exclusion chromatography 
on Superdex 200 and Super ose 6 afforded from the log 
molecular mass versus K aY plot (data not shown) a value 
of 316 ± 3 kDa corresponding to 78 kDa per monomer, 
in good agreement with equilibrium ultracentrifugation 
results. The band observed on SDS-PAGE was close to 
77 kDa consistent with results of previous methods 
(Fig. 3). The recombinant human enzyme exhibited an 
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Table 3 

Kinetic parameters of the three enzymes (WTGlmS, His 6 -225-GlmS, 
rhGfatl) 



Synthase activity 


WTGlmS 


His6-225-GlmS 


rhGfatl 


^max (U/mg) 


10.52 ±0.55 


7.87 ±0.88 


3.66 ±0.37 


CVm) 


0.99 ± 0.07 


1.53 ±0.21 


0.98 ±0.17 




23.4 


17.7 


18.9 



One unit of enzyme activity was defined as the amount required to cataly se 
the synthesis of 1 umol of GlcN-6P per min for synthase activity and 
1 umol of Glu per min for hemisynthase activity at 37 °C. 



6 -| 




> 



V "1 S ! 

0 40 80 

1/[F6P] {raM 

Fig. 4. Activation of rhGfatl in glutaminase activity by Fru-6P. The 
activity was measured using hydrolysis of GLUPA with 3 ug rhGfatl andx " : 5 
3 mM GLUPA in a total volume of 200 \iL. The maximum velocity was s| 
0.35 ± 0.01 U/mg rhGfatl. The K d of Fru-6P was 4.9 ± 0.8 uM calculated;!? 
by double reciprocal plot representation. 

optimum pH of 7.5 (data not shown). The K m of Fru-oP 
0.98 mM and A m of Gin 0.84 mM were determined by mea- 
suring the initial rate of GlcN-6P or Glu Iprmation, respec- 
tively, with maximal velocity of 3.7 ± 0.4 U/mg and 
3.2 ± 0.2 U/mg, respectively (Table 3). 

Activation of the glutaminase domain by Fru-6P 

The ability of Fru-6P to stimulate glutaminase activity 
was measured by quantifying. the hydrolysis of GLUPA 
by the glutaminase domain of rhGfatl. Activation of gluta- 
minase activity by Fru-6P binding to the isomerase domain 
exhibited saturable kinetics; with a K d of 5 uM derived from 
the reciprocal representation \/V—f (l/[Fru-6P]), a value 
consistent with the 2 \xM K d previously reported by Bro- 
shat et al. [15] (Fig. 4). 

Discussion 

L-glutamine: D-fructose-6-phosphate amidotransferase 
(Gfatl) which converts Fru-6P and Gin into GlcN-6P 
and Glu is the first and rate limiting enzyme of the 
hexosamine synthetic pathway (HSP) [1]. There is a strong 
evidence supporting a role for the HSP in the 



physiopathology of the complications of type II diabetes 
[32]. In particular, the final product UDP-GlcNAc of 
HSP is an activated precursor for O-linked glycosylation 
of proteins, responsible for tyrosine inactivation of the 
insulin receptor resulting in a desensitization to insulin 
and thus insulin resistance [33]. Therefore, rhGfatl activity 
controls the level of GlcN-6P and UDP-GlcNAc, sugars 
implicated in type II diabetes complications. The role of 
hexosamine biosynthesis during the pathological develop- 
ment of insulin resistance highlights the need for thorough 
biochemical characterization of hGfatl. 

As a member of the N-terminal nucleophile subfamily of 
amidotransferases [34] GlcN-|P synthase possesses an N- 
terminal cysteine that is essential for the formation of 
ammonia from Gin through a y-glutamyl acyl enzyme 
intermediate. It was previously shown that extension of 
the N-terminus by a single glycine strongly affects the activ- 
ity of GlmS|J 8]. Indeed, the GlyO mutant version of GlmS 
exhibited a 40- fold decrease in affinity for Gin and an 8- 
fold lower glutaminase activity in terms of k cat but a 5-fold 
decrease in affinity for Gin with 25-fold lower synthase 
activity in terms of /c cat , in comparison to its wild-type 
counter part [18]. By the same token, the C-terminal part 
of GlmS contains crucial residues for the enzyme activity 
since they constitute an intramolecular channel connecting 
the glutaminase and isomerase domains [35]. The C- termi- 
nal, 11 ammo acid-long sequence, known as a C-tail, is 
strongly conserved in all GlcN-6P synthases identified so 
War [36]. One may therefore assume that the presence of 
the C-terminal oligo His6-tag should affect interdomain 
communication in the GlcN-6P synthase molecule and 
especially ammonia transfer from Gin to Fru-6P. 

Chang et al. and Hu et al. [13,37] reported the expres- 
sion of recombinant mammalian GlcN-6P synthases con- 
taining N-terminus-linked fusions of highly different size: 
glutathione-S-transferase (26 kDa) or the oligohistidyl tag 
(8 aa). Although the authors claimed that the fusion pro- 
teins are still active, the activity was only analyzed for 
the ability of the resulting enzyme to hydrolyze Gin but 
not for the rate of GlcN-6P formation. Olchowy et al. 
described three His6-tag versions of Gfal from C albicans 
and showed that the presence of either long or short His 6 - 
tag affects GlcN-6P synthase activity especially if the tag is 
located at the enzyme N-terminus [38]. Expression of a 
fusion-Gfat therefore primarily required a clearcut analysis 
of the position to be tagged. 

The GST-N-GlmS construct bearing the GST at the N- 
terminal position was a gift from Dr. J.E. Kudlow. After 
purification and cleavage of GST in presence of thrombine, 
the synthase activity was found to be 1150-fold lower than 
the wild type synthase activity. Based on the thrombin rec- 
ognition site, the two residues left at the GlmS N-terminus 
(Gly and Ser) are likely to prevent catalysis thus arguing 
against such a construct to be used for the human Gfat. 
Three versions of a recombinant bacterial GlcN-6P syn- 
thase containing His6-tag at specific positions were then 
constructed: the C-terminus end and positions 225 and 
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240 which were selected from the observation of the X-ray 
structure. The introduction of an internal His6-tag (posi- 
tion 225) affected neither the kinetic parameters nor the 
structure of the bacterial enzyme, a strategy which has been 
successfully applied only to the ShIB protein from Serratia 
marcescens [39], RNA polymerase core sigma from E. coli 
[40] and the siderophore receptor FluA from E. coli [41]. 
Extrapolation of this information to the human enzyme 
resulted in the first overexpression and characterization 
of the internal His6-tagged human D-glucosamine-6P 
synthase. 

The purification of hGfatl from various tissues has been 
previously shown to be very difficult because of the large 
number of purification steps, the low level of expression 
and the instability of the enzyme. The expression of recom- 
binant enzyme with the introduction of an internal Hise-tag 
is then the best method to obtain an active and stable pro- 
tein. RhGfatl was obtained 95% pure in two steps with a 
specific activity of 3.7 U/mg. This value is 6000 -fold higher 
than the one reported for enzyme from human liver [42], 
16-fold higher than the N- terminal GST fusion protein 
[13] and about 9-fold higher than the enzyme described 
more recently by Broshat et al. [15]. Two different methods, 
gel filtration and equilibrium ultracentrifugation, identified 
human enzyme as a homotetramer as reported for rat liver 
enzyme [10]. 

The two microplate assays, respectively, based on fluores- 
cence to quantify the glutaminase activity and on the Mor- If 
gan-Elson reagent to determine synthase activity, 
permitted the kinetic characterization of rhGfatl. RhGfatl 
exhibited K^ u 6P and K^ ]n similar (half mM range) to those 
found for the enzymes from E. coli [43], T. thermophilic [44], 
C. albicans [1 1] and rat liver [10]. The value of K^ u ~ bl> is in 
sharp contrast with the data obtained by Broshat et al. [15] 
who reported a in the uM range (7 uM). This low value 
was rationalized by the sensitivity of the radiometric assay 
which permitted working at very low product accumulation 
to avoid GlcN-6P inhibition (K{ — 6 uM|: whici¥ might have 
occurred with the same enzyme from all other sources. 
Working at very low substrate conversion could in fact 
afford an apparent K 1Tl value close to the Fru-6P dissociation 
constant which is indeed in the micromolar range. The acti- 
vation of the Gin site by Fru-6P using GLUPA as an alter- 
nate substrate allowed determination of a Fru-6P 
dissociation constant of 5 uM. m good agreement with the 
2 uM value reported by Brpsrlpt et al. [15]. 

The first production of human Gfatl with an internal 
His 6 -tag allowing a good level of expression of an active 
protein should facilitate the determination of kinetic mech- 
anisms and high throughput screening of specific inhibitors 
with potential applications for treatment of type 2 diabetic 
complications. 

Acknowledgments 

Financial support from the Institut de Chimie des Sub- 
stances Naturelles to C.R. and N.F is gratefully acknowl- 



edged. We thank Dr. R.H. Dodd for improving the 
quality of the manuscript, Dr. J. Ouazzani for the access 
to the Dyno-Mill apparatus, Dr. J. Boussange (GE Healt- 
care) for advice in Akta Explorer manipulations, Dr. 
D.A. McClain for a kind gift of human gfatl cDNA, 
Dr J.E. Kudlow for a kind gift of the recombinant plas- 
mid pGEX-GST-Nt-g/ra£. This work was supported in 
part by the Indo-French program IFCPAR-Project 

References 

[1] S. Ghosh. H.J. Blumenthal, E^Davidson, S. Roseman, Glucosamine 
metabolism. V. Enzymatic synthesis of glucosamine 6-phosphate, J. 
Biol. Chem. 235 (I960) 1265 1273. 
[2] M. Brownlee, Biochemistry and molecular cell biology of diabetic 

complications, Nature 414 (M6l) 813-820. 
[3] A. Teplyakov, C. Leriche, G. Obmolova, B. Badet, M.A. Badet- 
Denisot, From Lobry de Bruyn to enzyme-catalyzed ammonia 
channelling: ffi&feeular studies of D-glucosamine-6P synthase, Nat. 
Prod. Rep. \<) (2002) 60 69. 
[4] N.G. Richards. S.M. Schuster. Mechanistic issues in asparagine 
synthetase catalysis, Adv. Enzymol. Relat. Areas Mol. Biol. 72 (1998) 
145-198. 

[5] M.A. Vanom, D.E. Edmondson, M. Rescigno, G. Zanetti, B. Curti, 
Mechanistic studies on Azospirillum brasilense glutamate synthase, 
Biochemistry 30 (1991) 11478 11484. 
[6] M A Vanom L, Nuzzi, M. Rescigno, G. Zanetti, B. Curti. The 
kinetic mechanism of the reactions catalyzed by the glutamate 
synthase from Azospirillum brasilense, Eur. J. Biochem. 202 (1991) 
181-189. 

J7J H. Zalkm, J.L. Smith, Enzymes utilizing glutamme as an amide 
donor, Adv. Enzymol. Relat. Areas Mol. Biol. 72 (1998) 87-144. 
W [8] A. Teplyakov, G. Obmolova, B. Badet, M.A. Badet-Denisot, 
Channeling of ammonia in glucosamine-6-phosphate synthase, J. 
Mol. Biol. 313 (2001) 1093-1102. 
[9] R. Kornfeld, Studies on L-glutamine D-fructose 6-phosphate amido- 
transferase. I. Feedback inhibition by uridine diphosphate-7V-acetyl- 
glucosamine, J. Biol. Chem. 242 (1967) 3135-3141. 
[10] Q.K. Huynh, E.A. Gulve, T. Dian, Purification and characterization 
of glutamine: fructose 6-phosphate amidotransferase from rat liver, 
Arch. Biochem. Biophys. 379 (2000) 307-313. 
[11] S. Milewski, D. Kuszczak, R. Jedrzejczak, R.J. Smith, A.J. Brown, 
G.W. Gooday, Oligomeric structure and regulation of Candida 
albicans glucosamine-6-phosphate synthase, J. Biol. Chem. 274 
(1999) 4000-4008. 

[12] P. Sachadyn, R. Jedrzejczak, S. Milewski, J. Kur, E. Borowski, 
Purification to homogeneity of Candida albicans glucosamine- 6- 
phosphate synthase overexpressed in Escherichia coli, Protein Expr. 
Purif. 19 (2000) 343-349. 
[13] Q. Chang, K. Su, J.R. Baker, X. Yang, A.J. Paterson, J.E. Kudlow, 
Phosphorylation of human glutamine :fructose-6-phosphate amido- 
transferase by cAMP-dependent protein kinase at serine 205 blocks 
the enzyme activity, J. Biol. Chem. 275 (2000) 21981-21987. 
[14] K.O. Broschat, C. Gorka, T.P. Kasten, E.A. Gulve, B. Kilpatrick, A 
radiometric assay for glutamine:fructose-6-phosphate amidotransfer- 
ase, Anal. Biochem. 305 (2002) 10-15. 
[15] K.O. Broschat, C. Gorka, J.D. Page, C.L. Martin-Berger, M.S. 
Davies, H.C. Huang He, E.A. Gulve, W.J. Salsgiver, T.P. Kasten, 
Kinetic characterization of human glutamine-fructose-6-phosphate 
amidotransferase I: potent feedback inhibition by glucosamine 6- 
phosphate, J. Biol. Chem. 277 (2002) 14764-14770. 
[16] G. Obmolova, M.A. Badet-Denisot, B. Badet, A. Teplyakov, 
Crystallization and preliminary X-ray analysis of the two domains 
of glucosamine-6-phosphate synthase from Escherichia coli, J. Mol. 
Biol. 242 (1994) 703-705. 



C. Richez et al. I Protein Expression and Purification 54 (2007) 45—53 



53 



[17] J. Sambrook, Molecular Cloning: A Laboratory Manual, Cold Spring [31] 
Harbor, New York, 1989. 

[18] M.N. Isupov, G. Obmolova, S. Butterworth, M.A. Badet-Denisot, B. 

Badet, I. Polikarpov, J.A. Littlechild, A. Teplyakov, Substrate [32] 
binding is required for assembly of the active conformation of the 
catalytic site in Ntn amidotransferases: evidence from the 1.8 A 
crystal structure of the glutaminase domain of glucosamine 6- [33] 
phosphate synthase, Structure 4 (1996) 801-810. 

[19] W.H. Habig, W.B. Jakoby, Assays for differentiation of glutathione 

S-transferases, Methods Enzymol. 77 (1981) 398^05. [34] 

[20] M.-A. Badet-Denisot, B. Bernard, Glutamine:fructose-6-phosphate 
amidotransferase (GFAT) with an internal affinity purification label 
and its use in screening for effectors for therapeutic use, in: In PCT 
Int. Appl. WO 2005/005628. 2005. [35] 

[21] M.M. Bradford, A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding, Anal. Biochem. 72 (1976) 248-254. 

[22] U.K. Laemmli, Cleavage of structural proteins during the assembly of 

the head of bacteriophage T4, Nature. 227 (1970) 680-685. [36] 

[23] B. Badet, P. Vermoote, P.Y. Haumont, F. Lederer, F. LeGoffic, 

Glucosamine synthetase from Escherichia coli: purification, proper- [37] 
ties, and glutamine-utilizing site location, Biochemistry. 26 (1987) 
1940-1948. 

[24] S.a.R. Ghosh, S. Roseman, L-glutamine-D-fructose 6-phosphate 

transamidase from Escherichia coli, Methods Enzymol. (1962) 414- [38] 
417. 

[25] C.K. Burghardt, Jarema Peter, Spectropho tome trie assay for human 
glutamine:fructose6-phosphate amidotransferase (GFAT) and use in 
identification of GFAT inhibitors, in: Eur. Pat. Appl. 2004, [3g| 
EP1431396. 

[26] S Milewski, Investigation of mechanism of nitrogen transfer m 
glucosamine 6-phosphate synthase with the use of transition state, 
analogs, Bioorg. Chem. 25 (1997) 283-296. [4:6} 

[27] N. Sreerama, S.Y. Venyaminov, R.W. Woody, Analysis of protein . 
circular dichroism spectra based on the tertiary structure classifica- 
tion, Anal. Biochem. 299 (2001) 271-274. 

[28] N. Sreerama, R.W. Woody, Estimation of protein secondary struc- [41] 
ture from circular dichroism spectra: comparison of CON TIN. 
SELCON, and CDSSTR methods with an expanded reference:; set. 
Anal. Biochem. 287 (2000) 252-260. 

[29] M.A. Denisot, F. Le Goffic, B. Badet, Glucosamine-6-phosphate [42] 
synthase from Escherichia coli yields two proteins upon limited 
proteolysis: identification of the glutamine amidohydrolase and [43] 
2R ketose/aldose isomerase-bearing domains based on then- 
biochemical properties, Arch. Biochem/ Biop&ys. 288 (1991) 
225-230. [44] 

[30] S. Mouilleron, M.A. Badet-Denisot. B. Golmelli-Pimpaneau. Gluta- 
mine binding opens the ammonia channel and activates glucosamine- 
6P synthase, J. Biol. Chem. 281 (20% 4404 4412. 



W. Kabsch, C. Sander, Dictionary of protein secondary structure: 
pattern recognition of hydrogen-bonded and geometrical features, 
Biopolymers 22 (1983) 2577-2637. 

M.G. Buse, Hexosamines, insulin resistance, and the complications of 
diabetes: current status, Am. J. Physiol. Endocrinol. Metab. 290 
(2006) E1-E8. 

L. Wells, K. Vosseller, G.W. Hart, A role for TV-acetylglucosamine as 
a nutrient sensor and mediator of insulin resistance, Cell Mol. Life 
Sci. 60 (2003) 222-228. # fe 

J.A. Brannigan, G. Dodson, H.J. Duggleby, P C. Moody. J.L. Smith. 
D.R. Tomchick. A.G. Murzin. A pi otein catalytic framework with an 
N- terminal nucleophile is capable of selfl&ctrvation, Nature 378 
(1995) 416-419. 

A. Teplyakov. G. Obmolma. M.A. Badet-Denisot. B. Badet, I. 
Polikarpov. Involvement of the C terminus in intramolecular nitrogen 
channeling m glucosamine ^phosphate synthase: evidence from a 1.6 
A crystal structure of the isomer ase domain, Structure 6 (1998) 1047- 
1055. M 

S. Milewski, Glucosamme-6-phosphate synthase-the multi-facets 
enzyme, Biochim. Biophys. Acta 1597 (2002) 173-192. 
Y. Hu, L...Riesland, A.J. Paterson, J.E. Kudlow, Phosphorylation of 
mouse glfitgitame-fructose-6-phosphate amidotransferase 2 (GF AT2) 
by cAMP.^epe^^cnt protein kinase increases the enzyme activity, J. 
Biol. ( hem. 279 (2004) 29988-29993. 

J. 01cho\s\. K. ECur, P. Sachadyn. S. Milewski, Construction, 
purification, and functional characterization of His-tagged Candida 
alimgns gmcosamine-6-phosphate synthase expressed in Escherichia 
co/L Protein Expr. Purif. 46 (2006) 309-315. 

S.R :;Sauter. S. Diekmann, V. Braun, Two-step purification of the 
outer membrane transporter and activator protein ShlB from 
Escherichia coli using internally His 6 -tagged constructs, J. Chroma- 
pogr. B Analyt. Technol. Biomed. Life Sci. 786 (2003) 33-37. 
A. Maitra, J. Moreno, V.J. Hernandez, Low concentrations of free 
hydrophobic amino acids disrupt the Escherichia coli RNA polymer- 
ase core-si gma( 70) protein-protein interaction, Protein Expr. Purif. 
24(2002) 163-170. 

A. D. Ferguson, J. Breed, K. Diederichs, W. Welte, J.W. Coulton, An 
internal affinity-tag for purification and crystallization of the sider- 
ophore receptor FhuA, integral outer membrane protein from 
Escherichia coli K-12, Protein Sci. 7 (1998) 1636-1638. 
H. Kikuchi, S. Tsuiki, Glucosamine phosphate synthase of human 
liver, Biochim. Biophys. Acta 422 (1976) 241-246. 

B. Badet, P. Vermoote, F. Le Goffic, Glucosamine synthetase from 
Escherichia coli: kinetic mechanism and inhibition by N3-fumaroyl-L- 
2,3-diaminopropionic derivatives, Biochemistry 27 (1988) 2282-2287. 
M.A. Badet-Denisot, L.A. Fernandez-Herrero, J. Berenguer, T. Ooi, 
B. Badet, Characterization of L-glutamine: D-fructose-6-phosphate 
amidotransferase from an extreme thermophile Thermus thermophilus 
HB8, Arch. Biochem. Biophys. 337 (1997) 129-136. 



